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We report the influence of intrinsic superconducting parameters on the vortex dynamics and the 
critical current densities of a MgB2 thin film. The small magnetic penetration depth of λ = 50 nm at 
T=4 K is related to a clean π-band, and transport and magnetization data show an upper critical field 
similar to those reported in clean single crystals. We find a high self-field critical current density Jc, 
which is  strongly reduced with applied magnetic field, and attribute this to suppression of the 
superconductivity in the π-band. The temperature dependence of the creep rate S(T) at low magnetic 
field can be explained by a simple Anderson-Kim mechanism. The system shows high pinning 
energies at low field that are strongly suppressed by high field, which is consistent with a two-band 
contribution. 
 
 The binary MgB2 compound has been subject of intense studies since the discovery of its 
superconductivity. 1 The nature of a two band superconductivity and the properties of interest to 
technological applications motived both basic and applied research.2,3,4 Recently, research on MgB2 
has been revitalized in the context of iron-based superconductors, because MgB2 offers a potential 
venue for understanding multiband superconductivity in pnictides, due to its relatively simple two-
band structure. The MgB2 system presents two distinct s-wave superconducting gaps - from the two 
dimensional (2D) σ  band and the three dimensional (3D) π  band, with superconducting energy gaps 
of Δσ(0) ≈7.2 mV and Δπ(0) ≈ 2.3 mV, which leads to both inter- and intra-band scattering, and 
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results in a rich array of superconducting properties.5,6,7  The strong suppression of the π-band 
superconductivity with increasing magnetic field in clean systems can be inferred from differences 
between the upper critical field anisotropy   (!!"! = !!!!" !!!! = !!" !!) 8  and the magnetic 
penetration depth anisotropy (!! = !!" !!).9, 10 The difference of the magnetic field dependence of 
the two gaps is also manifested in the Ginzburg-Landau parameter  ! = ! !, which ranges from !=2–3 at low field to !=7 close to Hc2.11 In dirty samples disorder (via several mechanisms) affects 
the intra-band diffusivity in each band, and thereby the resulting physical properties.6 Recently we 
reported the influence of large intra-band diffusivity in the 3D π band on the superconducting 
properties in a MgB2 thin film in the dirty limit,12 which results in larger λ and smaller  !!"! than 
those found in clean single crystals.11 
 The unconventional superconducting properties in MgB2 allow for a study of the influence 
of two superconducting gaps on the vortex dynamics, a phenomenon relevant to the physics of 
pnictides. The strong suppression of the superconductivity in the π band with magnetic field H 
(below 1 T), is directly related to the effect of the changing ! on the depairing critical current (J0),11 
and should influence Jc(H) in a way that goes beyond the type of pinning centers alone. In general, 
in the context of defects as pining centers, clean single crystals show low Jc values,13, 14 while thin 
films show higher Jc values.15,16, 17 The vortex dynamics in dirty MgB2 films is characterized by low 
creep rates (S) and high pinning energies, 18  a behavior  intermediate between the low Tc 
superconductors and the high Tc cuprates.19  In addition, very high Jc values have been reported in 
clean MgB2 films at low H,4 indicating that the nature of pinning in MgB2 films should be 
considered in combination of both intrinsic superconducting properties and pinning landscape.   
 In this work we present the intrinsic superconducting properties and their influence on the 
vortex dynamics in a MgB2 thin film. Our results show that the film is in the clean limit, and at low 
H the superconducting properties are dominated by a clean π− band. At low T and low H, the film 
exhibits high Jc values. However, the superconducting properties are affected significantly with 
increasing H, which can be associated with the magnetic field suppression of superconductivity in 
the clean π− band, resulting in a drastic change of the intrinsic superconducting properties of the 
material.  
 
Experimental  
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The MgB2 thin film with the thickness of 310 nm was grown on a c-cut sapphire by the hybrid 
physical chemical vapor deposition (HPCVD) technique. A detailed description of the epitaxial 
growth of MgB2 by HPCVD has been reported elsewhere.20 The phase purity for each crystal was 
examined by x-ray diffraction (XRD). The T and H dependence of the magnetization was studied 
using a superconductor quantum interference device (SQUID) magnetometer. A direct penetration 
depth (λ) measurement at 4 K was performed by magnetic force microscopy (MFM) based on a 
direct comparison of the Meisnner response forces between the sample and a Nb reference in situ.21 
The critical currents densities (Jc) were estimated applying the Bean critical-state model to the 
magnetization data, obtained from hysteresis loops, ( )3
20
2 wltw
MJc
−
Δ= , where ΔM is the difference 
in magnetization between the top and bottom branches of the hysteresis loop, and t, w, and l are the 
thickness, width, and length of the sample (l > w), respectively. The creep measurement [Jc (t)] was 
recorded over a time period of one hour. The initial time was adjusted considering the best 
correlation factor in the log-log fitting of the Jc (t) dependence. The initial critical state for each 
creep measurement was prepared by applying a field of H ∼ 4 H∗, where H∗ is the field for the full-
flux penetration.22 Electrical resistivity was measured using the standard four-probe technique. The 
samples were mounted in a rotatable probe and the measurements were performed in applied 
magnetic fields of between 0 and 9 T. The angular dependence Jc(!) was measured from the current 
– voltage (I-V) curve by using the 1 µV criteria. Transport measurements were conducted with 
applied current (J) perpendicular to H in a maximum Lorentz force configuration. The angle θ is 
defined between the applied field and the c-axis of the MgB2 (perpendicular to the surface).  
 
Results and discussion 
 The superconducting critical temperature (Tc) and its transition width are Tc =39.7 K and 
ΔTc = 0.1 K, respectively. The residual resistance ratio (ρ300 K /ρ42 K) is ≈ 18. Figure 1(a) shows the 
temperature dependence of the upper critical field (Hc2) and the irreversibility line (Hirr) with the 
magnetic field (H) parallel (//) and perpendicular (⊥) to the c-axis of the sample between Tc and 25 
K. Below T ≈ 25 K, T onset (Ton) and T of zero (Tzero) resistance are affected by the surface 
superconductivity, and depend on the applied electrical current density.23, 24  The Hc2 values obtained 
from magnetic hysteresis loops (not shown) and the Hc2  at 20 K obtained from I-V curves are also 
included on the graph. Extrapolating to T=0 K, we obtain Hc2(0) of about 3.5 T, which is close to 
values found in clean single crystals.25  Using this value, we obtain ξab (0) = 10 nm from
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( )[ ]02 202 abccH πξΦ= . Fig. 1(b) shows the results of the !!!(!) measurements at 35 K, using the Tzero 
criteria when the voltage drops to zero,23 and the corresponding fit to the effective mass description 
Hc2(T,Θ) = Hc2(T,Θ=0)ε(Θ), where ε(Θ)=[cos2Θ+γ-2sin2Θ]1/2, where Θ is the angle between the 
applied magnetic field H and the crystallographic c-axis and γ is the anisotropy of the critical field 
The cusp-like behavior of the experimental data when the field is close to being parallel to the 
surface (around Θ = 90°) is due to the surface superconductivity.23 However, considering that surface 
superconductivity produces a field enhancement of Hc3=1.69Hc2,26 the ! ≈ 2.5 obtained via the fit) 
shows a good agreement with anisotropy values obtained in clean single crystals.23 Analyzing of the 
data at T = 24 K (not shown) with the same Tzero criteria, we obtain ! ≈ 4.5. Although the two-band 
effects result in deviations from the effective mass description, the obtained values of γ are in good 
agreement with those reported in clean systems,23 when Hc3 effect is taken in to account. 
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Figure 1. (a) Temperature dependence of the upper critical field (Hc2) and the irreversibility line (Hirr) in a 
MgB2 thin film. (b) Angular dependence of Hirr at 35 K and fit by using the anisotropic mass equation 
described in the text. 
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Figure 2(a) shows superconducting vortices in the MgB2 film resolved by MFM as bright spots, a 
result of a repulsive interaction between the tip and the vortices, with magnetization antiparallel to 
each other. The dark spots in Fig. 2(a) are not anti-vortices since their shapes are irregular compared 
to the vortices. Instead, they represent nanoscale-size local inhomogeneities. Figures 2(b) and 2(c) 
show single vortices obtained from the MgB2 and a Nb film reference with the same experimental 
condition in a single cool-down. Their line profiles along dotted lines in each image are shown in 
Fig. 2(d). The peak magnitude of MgB2 is larger than that of Nb, indicating the λ value in MgB2 is 
smaller than the one in Nb.27 The magnetic penetration depth (λ) at 4 K was estimated by the MFM 
Meissner method, described elsewhere,12,27 resulting in λab=50 ± 10 nm. 28  This value is in 
agreement with those reported in clean single crystals.11 Measurements of Jc at 5 K in MgB2 
nanobridges of 150 nm in width, obtained from similar quality of thin films, show Jc ≈ 160 MA cm-
2.16 Considering geometry effects,29 the reported value can be considered as depairing critical 
current (J0), obtained in a vortex-free state at low temperatures, for π-band contribution.16,26 At high 
field the anomalous evolution of ξ(H) and λ(H) predicts low J0 (0 K) value.3 The theoretical J0 can 
be estimated via the Ginzburg-Landau equation
πλ630
cGL cHJ = , where c is the speed of light in 
vacuum and 
)0()0(22
0
ξπλ
Φ
=cH  is the thermodynamic critical field. Using J0 =160 MA cm
-2 and 
λab= 50 nm, we obtain ξab≈25 nm and Hc ≈ 1800 Oe. The Hc value is close to those obtained from 
specific heat measurements, attributed to the π- band in clean single crystals (1500 Oe).30 In 
addition, using λab= 50 nm and ξab=25 nm, we obtain Ginzburg-Landau parameter  ! = 2, which is 
within the range of the reported values in clean single crystals at low field.  
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Figure 2. (a) Large field of view image of a MgB2 film. Bright spots are vortices. Dark spots represent local 
inhomogeneties in the film. (b)-(c) show a single vortex image of MgB2 and Nb, respectively. (d) MFM 
profiles (shift of the resonance frequency of a magnetic cantilever) of the vortices along the dotted lines in (b) 
and (c). 
 
 Figure 3(a) shows the log-log plot of Jc vs H at four different temperatures (5, 10, 20, and 
30 K). The self-field of Jc at T=4 K is 26 MA cm-2, which is about 16% of the theoretical value of J0 
≈ 160 MA cm-2. Three clear distinct regimes can be identified in the log-log Jc (H) plot, similar to 
those reported on clean MgB2 single crystals.14 The first regime is between 0 and B*, where Jc (H) ≈ 
constant, the second regime is represented by a power-law dependence (Jc ∝ H-α), and the third 
depicts a fast drop of the Jc (H). The first regime is clearly seen only at low temperatures. Although 
this regime has been discussed in cuprates as a single vortex regime,31 B* (5 K) ≈ 800 Oe is in good 
agreement with a crossover produced by self-field effect which can be estimated as B*=Jct, with t 
the thickness.32 The second regime (Jc ∝ H-α) can be fit with α=1. The α value in cuprates and 
pnictides superconductors is related to the type of pinning centers, and ranges between 0.6 and 0.2 
depending on their geometry.29, 31, 33,34 In cuprates an α=1 value is well described by the theory for 
strong pinning, when the vortex excursion driven by thermal fluctuations is comparable to the inter-
vortex distance.31 However, high pinning energy and low vortex fluctuations in MgB2 require a 
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different analysis.18 In this context, dirty MgB2 films, presenting lower self-field Jc values at low 
temperatures but technologically more favorable Jc (H) dependences,18,35 could be analyzed as a 
high density of strong pinning centers,36 and show a more isotropic behavior produced by large 
intra-band scattering.12 In addition, large intra-band scattering increases λ, and the physics bears 
similarity to that of single band materials, which reduces J0 and affects the pinning energy as we 
discuss below. In this context we analyze the pinning landscape in conjunction with fundamental 
superconducting properties in our film. Figure 3(b) shows the angular dependence of Jc at 35 K at 
different H. The measurements can be understood via anisotropic scaling of the Jc (θ), however, 
some clear features, associated with different type of strong pinning centers, are evident. The small 
peak at µ0H < 0.3 T when H// c-axis represents the presence of correlated disorder,37 whereas the 
small shoulder at θ ≈ 50 ° (see inset) can be associated with the pinning by small MgO 
precipitates,38 as occurs in YBCO films when pinning is dominated by nanoparticles.39 The peak 
effect by small nanoparticles is more pronounced at T =5 K and high H (not shown). In order to 
understand the pinning nature, we analyzed a field dependence of the pinning force FP = Jc H. When 
the same type of pinning mechanism dominates over a certain temperature range, the Fp (H, T) can 
be scaled as follows: !!/!!!"# ∝ ℎ!(1 − ℎ)!, m and l are exponents that depend on the pinning 
mechanism, and h=H/Hc2(T).40 Figure 4 shows the !!/!!!"# versus ℎ at different temperatures. The 
curves show a peak at small h, which could be associated with B*, and a second broad peak with 
maximum around h≈0.2. This behavior is similar to that found in clean single crystals.14 In spite of 
deviations at low field, the curves can be scaled with m=0.5 and l=2 (see Fig. 4), showing a 
maximum value around h=0.2, which can be associated with normal surface pinning. The fact that 
normal surface pinning dominates the vortex dynamics in clean MgB2 samples is consistent with the 
strong suppression of Jc with thickness,17 and the same mechanism dominates in MgB2 single 
crystals with lower Jc values. We propose that at low H the pinning is strongly dominated by the 
surface pinning, while, as shown in Fig. 3(b), large defects such as correlated disorder and 
nanoparticles are more important at high H values. Fig. 3 is also consistent with grain boundaries, 
present at low density, being the source of correlated pinning, which is manifested in suppression of 
the Jc peak when H//c-axis at µ0H = 0.3 T. In this scenario, any evolution of ξ(H) and λ (H) should 
modify the pinning energy scales, thus making the relative importance of the pinning mechanisms 
H dependent. Finally, we discuss the third regime associated with a fast drop of Jc (H). The value of 
H, where a fast drop starts at each temperature, is similar to those found in single crystals,14 ruling 
out thickness/λ ratio as the mechanism responsible for the vortex dynamics.41 The similitude 
between Jc (H) in our film and those found in single crystals,14 i.e., a fast drop of Jc around µ0H = 1 
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T at 5 K, suggests that the pinning is affected by intrinsic superconducting properties such as 
suppression of the π-band, and decrease in the interband coupling.3,42  
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Figure 3. (a) Critical current density (Jc) vs. magnetic field (H) at different temperatures obtained by using the 
Bean model. (b) Angular dependence of the critical current density Jc (θ) at 35 K in different applied 
magnetic fields (µ0H = 0.05, 0.1, 0.2 and 0.3 T). Inset: Jc (θ) at 20 K and µoH = 1 T. Red circle shows the 
peak of Jc at θ≈50°. 
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Figure 4. Normalized pinning force (Fp) versus normalized magnetic field [h = H/Hirr(T)] at different 
temperatures. 
 
 Figure 5 shows the temperature dependence of the flux creep rate S (T) for different H. The 
values are very small in comparison with cuprates43 and pnictides.44 Similar measurements of vortex 
dynamics in a MgB2 film were reported by J. Thompson and coworkers (see reference 18). The Jc(t) 
dependence varies logarithmically according to the simple Anderson–Kim model 45 as ! ! =! 0 [1 − !!! ln !!! ]. The basic concept of the flux creep is that a flux line or a flux bundle can be 
thermally activated to overcome the pinning energy barrier U0. At low temperature U0 is 
independent of T, and S should change lineally with temperature: S = T/U0. The U0 values, derived 
from the measured values of S at low temperature, are shown in the inset of Fig. 5. Although our 
data can be described well with  !! = !!!!.!!, the analysis of the U0 in a wide range of H in MgB2 
shows a good correlation with !! = !!!(1 − !!∗)! .18 Neglecting the parabolic suppression, our fit 
results in A ≈ 3600, which is higher than those reported in dirty films,18 and indicates that beyond 
the presence of strong pinning centers, U0 depends on the intrinsic superconducting properties. A 
rough estimate of the pinning energy, considering the condensation energy within a coherence 
volume,19 !! = !!!/8! 4 3 !!!, shows that the value is strongly dependent upon both λ and ξ, 
which gives rise to H dependence of Jc in clean MgB2.9 Using our previous estimates of Hc ≈ 1800 
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Oe and ξ≈ 25 nm, we obtain !! ≈ 200000 K, which is in agreement with the expectation at low 
magnetic field (see inset of Fig 5).  
 Our results show that clean MgB2 films present two different regimes in Jc (H). One is for 
µ0H < 1 T, which is associated with the suppression of the π-band, and the other is for field above 1 
T, which is associated with more anisotropic σ-band.3 Large vortex fluctuations46 and vortex 
dissipation47 have been reported in clean systems at high fields, which is in agreement with a clear 
change on the vortex dynamics. We found a strong dependence of U0 (H), which can be associated 
with two-band features. The extrapolation of U0 (H) at high magnetic fields suggest very low values 
which suggest that many of the features of the vortex dynamics in the range dominated by the σ-
band in clean MgB2 samples should be similar to those found in pnictides44 and HTS cuprates.43 In 
these systems, the combination of high κ and γ values reduce the pinning energy U0 and the creep 
rate is higher than in conventional low-Tc superconductors.  
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Figure 5. Temperature (T) dependences of the creep rate 
)(ln
)(ln
td
JdS c−=  at different applied 
magnetic fields. Inset: Pinning energy obtained from S = T / U0 (see the dashed line main panel). 
 
Conclusions 
We studied intrinsic superconducting properties of a clean MgB2 thin film. We found λ(4 K) = 50 ± 
10 nm and ξab= 10 nm, which results from the effect of the π-band (low field) and σ-band (high 
field) on superconductivity. Note sure what you want to say here. The anisotropy of the 
	  
	  
	   11	  
superconducting critical field !!"! ranges from 2 close to Tc to 4.5 at low temperature, similar to the 
values reported previously in clean single crystals. We found high values of self-field Jc, that are 
strongly reduced by H, which can be attributed to the suppression of the π-band. The temperature 
dependence of the creep rate S (T) is consistent with a simple Anderson-Kim mechanism. Our 
findings show that different field dependence of the gaps in a multiband superconductor play an 
important role in defining its vortex dynamics.	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 J. Nagamatsu et al., Nature London 410, 63 (2001). 
2 N. Hakim, C. Kusko, S. Sridhar, A. Soukiassian, X. H. Zeng, and X. X. Xi. Appl. Phys. Lett. 81, 
3603 (2002). 
3 M. Eisterer. Supercond. Sci. Technol. 20, R47–R73 (2007). 
4 X X Xi. Rep. Prog. Phys. 71, 116501 (2008). 
5 Szabo P., Samuely P., Kacmarcik J., Klein T., Marcus J., Fruchart D., Miraglia S., Marcenat C. 
and Jansen A. G. M.  Phys. Rev. Lett. 87, 137005 (2001). 
6 A. Gurevich. Phys. Rev B 67, 184515 (2003). 
7 A. Rydh, U. Welp, A. E. Koshelev, W. K. Kwok, G. W. Crabtree, R. Brusetti, L. Lyard, T. Klein, 
C. Marcenat, B. Kang, K. H. Kim, K. H. P. Kim, H. S. Lee, and S. I. Lee, Phys. Rev. B 70, 132503 
(2004). 
8 L. Lyard, P. Samuely, P. Szabo, C. Marcenat, T. Klein, K. H. P. Kim, C. U. Jung, H-S Lee, B. 
Kang, S. Choi, S-I Lee, L. Paulius, J. Marcus, S. Blanchard, A. G. M. Jansen, U. Welp, G. 
Karapetrov and W.K. Kwok. Supercond. Sci. Technol. 16, 193–198 (2003). 
9 F. F. Bouquet, Y. Y. Wang, I. I. Sheikin, T. T. Plackowski, A. A. Junod, S. S. Lee, S. S. Tajima. 
Phys. Rev. Lett.  89 (25), 257001 (2002). 
10 Eskildsen M. R., Kugler M., Tanaka S., Jun J., Kazakov S. M., Karpinski J. and Fischer. Phys. 
Rev. Lett. 89 187003 (2002). 
11 T. Klein, L. Lyard, J. Marcus, Z. Holanova, and C. Marcenat. Phys. Rev B 73, 184513 (2006). 
12 J. Kim, N. Haberkorn, Shi-Zeng Lin, L. Civale, E. Nazaretski, B. H. Moeckly, C. S. Yung, J. D. 
Thompson, and R. Movshovich. Phys. Rev. B 86, 024501 (2012). 
13 Sergey Lee, T Masui, H Mori, Yu Eltsev, A Yamamoto and S Tajima. Supercond. Sci. Technol. 
16, 213–220 (2003). 
14 Shi Z X, Pradhan A K, Tokunaga M, Yamazaki K, Tamegai T, Takano Y, Togano K, Kito H and 
Ihara H  Phys. Rev. B 68, 104514 (2003). 
15 Hyeong-Jin Kim, W. N. Kang, Eun-Mi Choi, Mun-Seog Kim, Kijoon H. P. Kim, and Sung-Ik 
Lee. Phys. Rev Lett 87, 087002 (2001). 
16 Zhuang C. G., Meng S., Zhang C. Y., Feng Q. R., Gan Z. Z., Yang H, Jia Y., Wen H. H. and Xi 
X. X. J. Appl. Phys. 104, 013924 (2008). 
17 Mina Hanna, Shufang Wang, Joan M Redwing, X. X. Xi and Kamel Salama. Supercond. Sci. 
Technol. 22, 015024 (2009). 
18 J. R. Thompson, K. D. Sorge, C. Cantoni, H. R. Kerchner, D. K. Christen and M. Paranthaman. 
Supercond. Sci. Technol. 18, 970–976 (2005). 
19 G. Blatter, M. V. Feigel'Man, V. B. Geshkenbein, A. I. Larkin, V. M. Vinokur. Rev. Mod. Phys. 
66 (4), 1125-1388 (1994). 
20 Pogrebnyakov A. V., Redwing J. M., Jones J. E., Xi X. X., Xu S. Y., Li Q., Vaithyanathan V. and 
Schlom D. G.  Appl. Phys. Lett. 82, 4319 (2003). 
	  
	  
	   12	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
21 Kim J., Civale L., Nazaretski E., Haberkorn N., Ronning F., Sefat A.S., Tajima, T., Moeckly 
B.H., Thompson J.D., Movshovich, R. Superconductor Science and Technology 25 (11), 112001 
(2012).    
22 Y. Yeshurun, A. P. Malozemoff, and A. Shaulov, Rev. Mod. Phys. 68, 911 (1996). 
23 A. Rydh, U. Welp, J. M. Hiller, A. E. Koshelev, W. K. Kwok, G. W. Crabtree, K. H. P. Kim, K. 
H. Kim, C. U. Jung, H.-S. Lee, B. Kang, and S.-I. Lee. Phys. Rev 68, 172502 (2003). 
24 U. Welp et al., Phys. Rev. B 67, 012505 (2003). 
25 L. Lyard, P. Samuely, P. Szabo, C. Marcenat, T. Klein, K. H. P. Kim, C. U. Jung, H-S Lee, B. 
Kang, S. Choi, S-I Lee, L. Paulius, J. Marcus, S. Blanchard, A. G. M. Jansen, U. Welp, G. 
Karapetrov and W. K. Kwok. Supercond. Sci. Technol. 16, 193–198 (2003). 
26 M. Thinkam, Introduction to superconductivity (McGraw Hill, New York, 1996). 
27 J. Kim, L Civale, E Nazaretski, N Haberkorn, F Ronning, A S Sefat, T Tajima, B H Moeckly, J. 
D. Thompson and R Movshovich, Supercond. Sci. Technol. 25, 112001-112006 (2012). 
28	  The λ value was obtained from a comparison of Meissner curves from a clean Nb film and a 
reference Nb film.	  
29 B. J. Yuan, J. P. Whitehead. Phys. C 231, 395 - 408 (1994). 
30 T. Klein (private communication)  
31 C. J. van der Beek, M. Konczykowski, A. Abalóshev, I. Abalósheva, P. Gierlowski, S. J. 
Lewandowski, M. V. Indenbom, and S. Barbanera, Phys. Rev. B 66, 024523 (2002). 
32 N. Haberkorn, M. Miura, B. Maiorov, G. F. Chen, W. Yu, and L. Civale.  Phys. Rev. B 84, 
094522 (2011). 
33 C. J. van der Beek, et al., Phys. Rev. B 81, 174517 (2010). 
34 N. Haberkorn, M. Miura, J. Baca, B. Maiorov, I. Usov, P. Dowden, S. R. Foltyn, T. G. 
Holesinger, J. O. Willis, K. R. Marken, T. Izumi, Y. Shiohara, and L. Civale. Phys. Rev. B 85, 
174504 (2012). 
35 A film similar to the analyzed in reference 10, has self-field Jc (10 K) = 6.8 MA cm-2, and Jc α H-
α dependences well described by α = 0.3. 
36 L. Gu, B. H. Moeckly, and D. J. Smith, J. Cryst. Growth 280, 602 (2005). 
37 Civale, L., Maiorov, B., Serquis, A., Willis, J.O., Coulter, J.Y., Wang, H., Jia, Q.X.,  Arendt P.N., 
MacManus-Driscoll, J.L.ab, Maley, M.P.a, Foltyn, S.R.. Appl. Phys. Lett 84, 2121 (2004). 
38 Y. Zhu, A. V. Pogrebnyakov, R. H. Wilke, K. Chen, X. X. Xi, J M Redwing, C. G. Zhuang, Q. R. 
Feng, Z. Z. Gan, R. K. Singh, Y Shen, N Newman, J. M. Rowell, F. Hunte, J. Jaroszynski, D. C. 
Larbalestier, S. A. Baily, F. F. Balakirev and P. M. Voyles. Supercond. Sci. Technol. 23, 095008 
(2010). 
39 Solovyov, V.F., Wiesmann, H.J., Wu, L., Li, Q., Cooley, L.D., Suenaga, M., Maiorov, B., Civale, 
L. Supercond. Sci. Technol. 20, 20 (2007).   
40 D. Dew-Hughes, Philos. Mag. 30, 293 (1974). 
41 Ch. Jooss, A. Forkl, R. Warthmann, H.-U. Habermeier, B. Leibold, and H. Kronmüller, Physica C 
266, 235 (1996). 
42 M. Zehetmayer, M. Eisterer, J. Jun, S. M. Kazakov, J. Karpinski, and H. W. Weber, Phys. Rev. B 
70, 214516 (2004). 
43 Yeshurun Y. and Malozemoff A P  Phys. Rev. Lett. 60, 2202 (1988). 
44 R. Prozorov, N. Ni, M. A. Tanatar, V. G. Kogan, R. T. Gordon, C. Martin, E. C. Blomberg, P. 
Prommapan, J. Q. Yan, S. L. Bud’ko, and P. C. Canfield, Phys. Rev. B 78, 224506 (2008). 
45 Anderson P. W. and Kim Y. B.  Rev. Mod. Phys. 36, 39 (1964). 
46 T. Masui et al., Physica C 383, 299 (2003). 
47 Yu. Eltsev et al., Phys. Rev. B 65, 140501 (2002). 
